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Background and aims: Macrophage activation plays a key pathogenic role in experimental non-alcoholic fatty liver disease (NAFLD) and contributes to the progression of steatohepatitis (NASH) and fibrosis. We studied macrophage activation in human NAFLD by measuring soluble (s)CD163, a specific macrophage activation marker, hypothesizing that sCD163 would be associated with the patients’ morphological disease grade. Further, we investigated an association between sCD163 and the apoptosis marker cytokeratin-18 (CK-18) to explore a link between macrophage activation and apoptosis. 
Methods: sCD163 associations with biochemical and histological measures of NAFLD were investigated in two independent cohorts of 157 Australian and 174 Italian NAFLD patients with liver biopsies graded for NAFLD severity, steatosis, and fibrosis. sCD163 and CK-18 were measured by ELISA. 
Results: In both cohorts sCD163 increased in parallel with the patients’ morphological disease grading, being independently associated with the Kleiner fibrosis score (p<0.001). A high sCD163 predicted advanced fibrosis (F≥3; Australian cohort: AUROC 0.77 (95% CI: 0.76–0.87), Italian cohort: 0.80 (95% CI: 0.72–0.88)). In both groups, sCD163 was independently associated with CK-18 (p<0.001).
Conclusion: Soluble CD163 reflecting macrophage activation is associated with morphological features of NAFLD suggesting their involvement in the pathogenesis of NAFLD, NASH and particularly fibrosis. An independent association between sCD163 and cytokeratin-18 suggests that apoptosis may contribute to macrophage activation in NAFLD/NASH. 
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KEY POINTS 
- sCD163, a specific macrophage activation marker, increases in parallel with the histological severity of non-alcoholic fatty liver disease in two independent cohorts
- sCD163 is independently associated with fibrosis stage after adjustment for known NAFLD risk factors
- sCD163 shows promising capability as a marker of advanced fibrosis in NAFLD patients






Macrophages in the liver play a critical role in inflammation and fibrosis[1], including in non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH). The mechanisms for macrophage activation and action have been reviewed recently[2], however, the vast majority of studies reporting an essential role for macrophages in NAFLD/NASH stem from experimental models[3, 4]; human data remain scarce. This gap may to some extent be filled by assessing the circulating levels of soluble (s)CD163 in patients with NAFLD/NASH. 
CD163 is a lineage-specific hemoglobin-haptoglobin scavenger receptor expressed exclusively on the surface of monocytes and macrophages and is up regulated in conditions with macrophage activation[5, 6]. Following activation, CD163 is shed from the cell surface and detected in the blood as sCD163[7]. We have previously demonstrated a role for macrophage activation in inflammatory liver diseases through close associations between sCD163 and the severity of cirrhosis, chronic viral hepatitis and alcoholic hepatitis, as well as the degree of portal hypertension and its complications[8-14]. 
In children with NAFLD, the number of CD163-positive macrophages increases in association with histological disease severity[15], and we have shown cross-sectional and dynamic associations between sCD163 and liver enzymes in obese children undergoing lifestyle intervention[16]. Recently, we and others demonstrated associations of sCD163 with histological NAFLD severity in morbidly obese adults and a reduction in their levels after bariatric surgery[17, 18]. These findings were recently confirmed with a reduction in sCD163 levels after bariatric surgery in association with diminished intrahepatic fat content[19]. However, sCD163 has not been investigated specifically in patients with histologically confirmed NAFLD/NASH. 




We undertook this cross-sectional study in two cohorts from liver centers in Australia and Italy. The Australian cohort consisted of patients consecutively recruited at the Storr Liver Centre, Westmead Hospital, Westmead, Australia. The Italian cohort comprised patients from the Division of Gastroenterology and Hepatology, Department of Medical Sciences, University of Torino, Italy. All patients were referred for the investigation of abnormal liver tests or steatosis detected by ultrasound. All patients had an alcohol intake of <20 g/day (males) or <10 g/day (females) assessed by two separate interviews with the patient and close family members. The diagnosis of NAFLD was established by liver biopsy in all cases. We carefully excluded patients with liver disease of other etiology using standard assays and methods. The final number of patients eligible was 157 in the Australian cohort and 174 in the Italian cohort. At the time of liver biopsy, demographic and clinical data were obtained, including age, gender, ethnicity, height, weight, and waist circumference. Body Mass Index (BMI) was calculated. Arterial hypertension was defined as blood pressure ≥130/≥85 mmHg or treatment with antihypertensive drugs. Diabetes was defined as fasting blood glucose ≥7.0 mmol/L, previous diagnosis of diabetes or use of anti-diabetic drugs. Hyperlipidemia was defined as fasting total cholesterol >5.5 mmol/L, triglycerides >1.7 mmol/L or treatment with lipid-lowering drugs.  
At the time of biopsy, a fasting blood sample was obtained and routine biochemical tests were performed as described below. Additional blood samples were drawn and frozen at -80°C for future research. All patients signed an informed consent form in accordance with the Helsinki Declaration. The acquisition, storage, and use of blood samples were approved by the Sydney West Area Health Service Ethics Committee and by the Ethics Committee of the University Hospital San Giovanni Battista of Torino.

Biochemical analyses
Haematological and liver parameters, fasting glucose and insulin, triglycerides and cholesterol and its components were determined using standard assays and methods. The Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated[21]. The NAFLD Fibrosis Score (NAFLD-FS) was calculated according to the established formula[22]. 
All sCD163 measurements were performed at the Department of Clinical Biochemistry, Aarhus University Hospital. The plasma concentration of sCD163 was determined in duplicate by an in-house sandwich ELISA using a BEP-2000 ELISA-analyser (Dade Behring) essentially as previously described[23]. Soluble CD163 is resistant to repeated freezing and thawing[23]. Control samples and serum standards with concentrations that ranged from 6.25 to 200 µg/l were included in each run to avoid bias. The inter-assay coefficient of variation in the current project (n=8) was 5.9-8.1 % at a level of 1.40 mg/l and 4.1-4.3% at a level of 3.77 mg/l. The limit of detection was 6.25 μg/L. We have previously established a reference interval (0.69–3.86 mg/L) for sCD163 in a large cohort (n=240) of healthy individuals using the same assay[24].
The determination of CK-18-Asp396 was performed by the commercial M30-Apoptosense enzyme-linked immunosorbent assay (ELISA) Kit (PEVIVA, Sweden) according to the manufacturer’s instructions in samples collected at the time of liver biopsy and stored at -80°C. CK-18 was measured in all samples from both cohorts at the Department of Medical Sciences, University of Torino, Italy, to eliminate inter-lab variability. Inter and intra-assay coefficients of variation were below 10%.

Histological analysis
Stained liver biopsies were examined by experienced pathologists blinded to clinical information (Duncan McLeod and Ezio David) and assessed as described by Kleiner et al.[25] for steatosis (graded 0–3), hepatocyte ballooning (0–2) and lobular inflammation (0–3). The Kleiner Fibrosis Score, ranging 0–4, was determined. The diagnosis of NASH was based on the Fatty Liver Inhibition of Progression (FLIP) algorithm[26]. All biopsies had a minimum of 11 portal tracts, and inadequate biopsies were excluded. In the Australian cohort, this led to missing histological data in six cases. Moreover, in another 33 patients of the Australian cohort, the differentiation between grades of steatosis 0 and 1 was lacking, and the diagnosis of NASH could not be made. In the Italian cohort, all 174 biopsies were of adequate quality as screening for inadequate liver biopsies was made before the inclusion of cases in the database.
We  assessed the interobserver variation in histological assessment between the two liver pathologists in a subset of 40 randomly selected patients from the Australian cohort. We found an interobserver agreement with kappa values of 0.85 (95% CI: 0.71–0.99) for steatosis, 0.66 (95% CI: 0.46–0.87) for hepatocyte ballooning, 0.66 (95% CI: 0.48–0.85) for lobular inflammation, and 0.78 (95% CI: 0.66–0.88) for fibrosis, comparable to previously published results[25]. 

Immunohistochemistry
Immunohistochemical staining was done in representative biopsies from seven randomly selected patients with NASH and another seven without NASH. The primary antibodies were mouse monoclonal anti-human CD163 (Cell Marque, USA, MRQ-26) diluted 1:50. Cell clustering in the liver biopsies was quantified as the observed number of CD163-stained clusters divided by the total length of the stained cell cores.

Statistical methods
Student’s t-test was used for the comparison of normally distributed variables between the groups. For non-normally distributed data, the Mann-Whitney test was used. The relationship between sCD163 and other continuous variables was analysed by simple linear regression or Spearman's rank correlation. Spearman’s rank test was used to study the relationships between sCD163 and histological scores. For differences in proportions, we used the χ2-test or Fisher’s exact test.  
To investigate the relationship between sCD163 and the histological scores adjusted for the NAFLD risk factors ethnicity, BMI, waist-hip ratio, age, gender, and the presence of diabetes, hyperlipidaemia and hypertension, we used multiple ordered logistic regression analysis. In addition, the acute phase protein C-reactive protein was included in this analysis. In the Italian cohort, we included age, gender, BMI, waist and the presence of diabetes, hyperlipidaemia and hypertension, while ethnicity was the same (Caucasian) for all subjects.
Non-parametric Receiver Operating Characteristics (ROC) analysis was used to assess the performance of sCD163 in the prediction of advanced fibrosis and NASH. All data are expressed as means ± SD and medians with interquartile ranges (IQR) or proportions. A p-value ≤0.05 was considered statistically significant. STATA version 13.0 ®StataCorp LP was used for data analysis; kappa statistics for interobserver variation of histological examinations were performed using MedCalc version 12.7 software.
 RESULTS
Patient characteristics
Demographic, clinical, biochemical and histological data for the patients in both cohorts are presented in Table 1. Patients in the Australian cohort were slightly older and had a higher proportion of females. They also had higher BMI and were more insulin resistant with higher HOMA-IR and prevalence of diabetes. The patients in the Italian cohort had more severe histological disease with higher fibrosis score and percentage with NASH (Table 1), as well as more pronounced lobular inflammation and hepatocyte ballooning (Supplementary Table 1). 
	sCD163 and liver histology
Focusing on liver fibrosis first, we observed higher sCD163 in patients with advanced fibrosis (F≥3) than in those with lower fibrosis stages (Australian cohort: 3.9 (3.0–4.3) vs. 2.5 (1.9–3.1) mg/L, p<0.001; Italian cohort: 2.5 (1.9–3.5) vs. 1.4 (1.1–1.9) mg/L, p<0.001) and correlated with the Kleiner fibrosis score (Australian cohort: rho=0.42, p<0.001; Italian: rho=0.45, p<0.001) (Figure 1A). Further, sCD163 showed a highly significant independent association with the fibrosis score in both the Australian (p<0.005) and the Italian (p=0.003) cohorts after adjustment for the known NAFLD risk factors in multiple ordered logistic regression analysis. 
We also investigated the association of sCD163 with the more dynamic aspects of liver pathology in the cohorts. In both cohorts, sCD163 correlated with steatosis (rho=0.22, p=0.02 and rho=0.33, p<0.001) and hepatocyte ballooning (rho=0.38, p<0.001 and rho=0.13, p=0.09) (Figure 1B, C). In the Italian cohort, sCD163 was independently associated with the steatosis score after adjustment for the NAFLD risk factors in multiple ordered logistic regression analysis (p=0.001). After the same adjustment, sCD163 was associated with hepatocyte ballooning (p<0.001) only in the Australian cohort.
In the Australian cohort we observed higher sCD163 levels in patients with NASH s defined by the FLIP algorithm than in those without NASH (3.1 (2.6–4.3) vs. 2.4 (1.9–3.0) mg/L, p<0.001), but not in the Italian cohort (1.6 (1.2–2.3) vs. 1.5 (1.1–2.2) mg/L, p=0.52). Further, sCD163 was significantly associated with lobular inflammation in the Australian cohort only (rho=0.26, p=0.001) (Figure 1D). 
Immunohistochemistry
In order to link evidence of macrophage activation in plasma to liver disease we examined liver biopsies by immunohistochemistry for CD163 expression in a subset of patients. CD163-stained cells were observed in the hepatic sinusoids of patients both with and without NASH. However, in patients with NASH we observed clustering of CD163-positive macrophages, which was nearly absent in patients without NASH (Figure 2), quantitatively expressed by the marked difference in the number of clusters/mm total stained cell core length (1.94 ± 1.48 vs. 0.36 ± 0.49, p=0.02). Moreover, the number of CD163-positive clusters/mm was closely associated with sCD163 levels (r=0.77, p=0.016).

sCD163 as a predictive marker of advanced fibrosis and NASH
We examined whether sCD163 would serve as a non-invasive marker for the presence of advanced fibrosis. In non-parametric ROC analysis, sCD163 was a good predictor for advanced fibrosis, and the AUROCs of sCD163 were comparable with the AUROCs of the well-established model NAFLD-FS (Table 2). Furthermore, sCD163 was significantly associated with advanced fibrosis in both cohorts in multivariate logistic regression analysis with the NAFLD-FS as a covariate (Table 3), and adding sCD163 to the NAFLD-FS resulted in higher AUROCs for the prediction of advanced fibrosis (Table 2). The values of sensitivity and specificity for sCD163 and the NAFLD-FS were comparable. Of note, there were considerable variations in the two cohorts for both sCD163 and the NAFLD-FS (Supplementary Table 2 and 3).
sCD163 did not show good accuracy for the presence of NASH in any of the cohorts (best area under the ROC-curve (AUROC) 0.70); notably, CK-18 performed similarly (best AUROC 0.68) (Supplementary Table 4).
sCD163 and the apoptosis marker CK-18
There was a significant association between sCD163 and CK-18 in both the Australian (r=0.45, p<0.001, Figure 3A) and the Italian cohort (r=0.36 p<0.001, Figure 3B), which remained significant after adjustment for the histological NAFLD Activity Score and the fibrosis score (p=0.001 and p=0.02, respectively). CK-18 was associated with all of the histological measures of liver injury and fibrosis in the Australian cohort and with steatosis and fibrosis in the Italian cohort (Supplementary Table 5). 

DISCUSSION
In the present study, we investigated the macrophage activation marker sCD163 in two independent NAFLD cohorts. The main findings of our study were the progressive increase in sCD163 levels in parallel with morphological NAFLD severity and the independent associations of sCD163 with liver fibrosis. In addition, we demonstrate an association between sCD163 and CK-18 levels, suggesting a link between apoptosis and macrophage activation. 
Both macrophages in the liver and adipose tissue may contribute to the circulating sCD163 levels, and recent studies confirm associations of sCD163 with obesity, insulin resistance and the presence of diabetes[27-29]. However, the association between sCD163 and liver histology in the present study was independent of anthropometric, metabolic, and inflammatory measures, suggesting a direct relationship between macrophage activation, liver injury, and sCD163 levels. In the same line the association between changes in sCD163 and liver enzymes following lifestyle intervention and bariatric surgery was independent of BMI and metabolic measures[16, 17]. In addition, we showed higher systemic than portal sCD163 levels in NAFLD[17], suggesting hepatic secretion of sCD163 into the systemic circulation as also shown in patients with cirrhosis and portal hypertension[10]. Together, these human data support a key role for hepatic macrophages in NAFLD/NASH pathogenesis as proposed by experimental studies[3, 4, 30]. 
An important observation was that sCD163 in the Italian cohort was systematically lower than in the Australian cohort. The Italian patients were younger, less obese and had a lower percentage of diabetes, however presenting a similar degree of liver damage. The characteristics of these patients may suggest that at least some of them represent a previously described subgroup of NAFLD patients who are less obese and have a lower frequency of the metabolic syndrome but are not free from NASH and advanced fibrosis[31, 32]. It is at present unknown whether the pathogenesis of NAFLD in these patients differs from that of “traditional” NAFLD/NASH that is closely associated with obesity or whether it may include lower degree of macrophage activation. To our knowledge, no study has investigated macrophage involvement specifically in this subgroup of NAFLD patients. However, sCD163 showed comparable associations with liver histology and especially fibrosis in the two cohorts, suggesting a similar role of macrophages independent of the presence of obesity.
Overall , sCD163 levels in NAFLD patients were considerably lower than the levels observed in liver diseases with severe inflammation such as alcoholic hepatitis[8], acute liver failure[33] and acute-on-chronic liver failure[14], as well as the levels in decompensated liver cirrhosis[10, 11, 13]. Furthermore, in the present study sCD163 levels were within the reference interval in many cases, mainly in patients with low grades and stages of disease, whereas sCD163 increased in parallel with disease severity. In this regard, our present observations resemble the pattern of sCD163 in chronic viral hepatitis[9]. Of note, the median sCD163 levels in NAFLD patients with severe fibrosis in both the Italian and the Australian cohort were close to the levels in patients with chronic hepatitis B and C and severe fibrosis. Based on these clinical data, it may be proposed that the degree of macrophage activation is generally low in slowly progressing conditions such as NAFLD and chronic viral hepatitis, but is more pronounced in the setting of severe inflammation and fibrosis. 
The exact mechanism for the shedding of sCD163 in NAFLD/NASH and increased sCD163 levels is at present unknown. It is established that it can be mediated by tumor necrosis factor alpha-converting enzyme (TACE/ADAM17) as part of the inflammatory macrophage response[34], and this enzyme shows increased activity in mouse models of NAFLD[35]. Further, in NAFLD, macrophages may be activated by different stimuli and events, including damaged hepatocytes and apoptotic bodies[36, 37]. Consistent with this we demonstrated an association of sCD163 with CK-18. Further, we observed a greater number of CD163-positive macrophages clustering into microgranulomas in the stained biopsies from the NASH patients similar to earlier studies[38, 39], and also by the association of sCD163 with the degree of hepatocyte ballooning and macrophage clustering.
Recent data indicate that fibrosis stage is the histological feature best associated with the long-term outcome of NAFLD[40, 41]. We found that sCD163 performed well in predicting advanced fibrosis, and sCD163 remained significantly associated with advanced fibrosis even with the established model NAFLD-FS as a covariate. Further, addition of sCD163 to the NAFLD-FS resulted in better AUROCs, which may support the potential of sCD163 as a biomarker of fibrosis in NAFLD. However, in a number of cases, sCD163 levels were within the reference interval, and there was a noteworthy difference in sCD163 levels as well as sensitivities and specificities between the two cohorts, which may limit this potential. However, it is important to note that sCD163 reflects a specific pathogenic process in NAFLD/NASH, i.e. macrophage activation, and combining sCD163 with other markers of liver fibrosis reflecting different pathophysiological aspects in a panel may prove beneficial. This will need to be investigated in future preferably prospective studies. Despite its independent associations with NASH features such as steatosis and hepatocyte ballooning, sCD163 was not a predictor of steatohepatitis. A possible explanation may be that features of steatosis and necroinflammatory activity are dynamic over time, whereas liver fibrosis is a more stable histological phenomenon and a more robust measure of liver injury. Furthermore, the histological evaluation of necroinflammation measures shows higher variability than that of liver fibrosis[25], which was confirmed in a subset of the present study.
Our study has strengths and limitations. The main strength was the large number of well-classified patients referred specifically for evaluation of suspected NAFLD in two independent cohorts with completely different provenience and case mix. The most important limitation remains the cross-sectional design of the study, which could challenge the interpretation of associations as to cause and effect in terms of macrophage activation and the mechanisms involved.
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Table 1. Patient characteristics.
		Australian cohort (n = 157)	Italian cohort (n = 174)	P
Age (years)	48 ± 13	43 ± 11	<0.001
Sex (m : f)	89 (57%) : 68 (43%)	130 (75%) : 44 (25%)	0.001
BMI (kg/m2)	30.7 ± 5.1	27.9 ± 3.9	<0.001
NASH according to FLIP algorithm (n(%))Missing score	46 (39%)39	86 (49%)0	0.08
Fibrosis stage (n(%))01234Missing Kleiner Fibrosis Score	51 (34%)55 (36%)20 (13%)13 (9%)12 (8%)6	63 (36%)38 (22%)32 (19%)30 (17%)11 (6%)0	0.015
sCD163 (mg/L)	2.6 (2.0–3.6) 	1.6 (1.1–2.3)	<0.001
CK-18 (U/L)	186 (85–387)	208 (123–331)	0.14
Diabetes (n(%))	40 (25%)	26 (15%)	0.02
HOMA-IR	3.9 (2.7–6.2)	3.0 (2.0–5.1)	0.002
ALT (IU/L)	65 (47–96)	70 (43–95)	0.86
AST (IU/L)	46 (33–62)	36 (28–48)	<0.001
Albumin (g/L)	45 ± 3	46 ± 4	0.03
Platelets (109/L)	258 ± 73	230 ± 70	<0.001
Triglycerides (mmol/L)	1.8 (1.2–2.6)	1.4 (1.0–2.1)	<0.001
Hypertension (n(%))	53 (34%)	59 (34%)	0.98
Hyperlipidaemia (n(%))	130 (83%)	94 (54%)	0.014
Waist-hip ratio	0.97 ± 0.08	-	

Parameters are presented as means ± SD for normally distributed and medians (interquartile range) for non-normally distributed variables, and as total number (%) for categorical variables. 
BMI, Body Mass Index; NASH, non-alcoholic steatohepatitis; FLIP, Fatty Liver Inhibition of Progression; sCD163, soluble CD163; CK-18, cytokeratin-18; HOMA-IR, homeostatic model assessment of insulin resistance; ALT, alanine transaminase; AST, aspartate transaminase
 Table 2. Prediction of advanced fibrosis (F≥3) by sCD163 and the NAFLD Fibrosis Score.
		Australian cohort	Italian cohort
sCD163 (mg/L)	0.77 (95% CI: 0.76–0.87)	0.80 (95% CI: 0.72–0.88)
NAFLD-FS	0.80 (95% CI: 0.70–0.91)	0.73 (95% CI: 0.63–0.83)
NAFLD-FS + sCD163	0.83 (95% CI: 0.73–0.93)	0.83 (95% CI: 0.75–0.91)

Data shown as areas under the Receiver Operating Characteristics curve with 95% Confidence Intervals. sCD163, soluble CD163; NAFLD-FS, NAFLD fibrosis score

Table 3. Multiple logistic regression analysis in the Australian and the Italian cohorts with advanced fibrosis (F≥3) as the dependent variable.









OR, odds ratio; sCD163, soluble CD163; NAFLD-FS, NAFLD fibrosis score
 
Figure 1. Soluble CD163 according to the histological scores in the Australian and the Italian cohorts.
(A) sCD163 and the Kleiner Fibrosis score. 
(B) sCD163 and Steatosis score. 
(C) sCD163 and Hepatocyte ballooning score. 
(D) sCD163 and Lobular inflammation score. 
Boxes represent interquartile ranges (IQR) with medians; whiskers show adjacent values. Punctured lines represent the reference interval (0.69–3.86 mg/L). 

Figure 2. Representative images of liver biopsies with immunohistochemical staining for CD163.
(A) A patient without non-alcoholic steatohepatitis (NASH). 
(B) A patient with NASH. 
The stained macrophages are seen in the liver sinusoids; arrows mark CD163-positive macrophage clusters. 
Magnitude x4, scale bar 500 µm; magnitude x20, scale bar 100 µm.

Figure 3. Relationship between soluble CD163 and cytokeratin-18 in the Australian and the Italian cohort. 
(A) Australian cohort
(B) Italian cohort





